Abstract Biopharmaceuticals have the potential to raise an immunogenic response in treated individuals, which may impact the efficacy and safety profile of these drugs. As a result, it is essential to evaluate immunogenicity throughout the different phases of the clinical development of a biopharmaceutical, including post-marketing surveillance. Although rigorous evaluation of biopharmaceutical immunogenicity is required by regulatory authorities, there is a lack of uniform standards for the type, quantity, and quality of evidence, and for guidance on experimental design for immunogenicity assays or criteria to compare immunogenicity of biopharmaceuticals. Moreover, substantial technological advances in methods to assess immune responses have yielded higher immunogenicity rates with modern assays, and limit comparison of immunogenicity of biopharmaceuticals outside of head-tohead clinical trials. Accordingly, research programs, regulatory agencies, and clinicians need to keep pace with continuously evolving analyses of immunogenicity. Here, we review factors associated with immunogenicity of biopharmaceuticals, potential clinical ramifications, and current regulatory guidance for evaluating immunogenicity, and discuss methods to assess immunogenicity in nonclinical and clinical studies. We also describe special considerations for evaluating the immunogenicity of biosimilar candidates.
Introduction
Biopharmaceuticals are therapeutics produced by a living organism, most often made by genetically engineering living bacterial, animal, or plant cells [1] . Biopharmaceuticals have advanced patient care by providing highly effective, targeted treatments for a number of life-threatening and chronic diseases, such as hematologic malignancies and solid tumors, as well as systemic immunemediated diseases, such as rheumatoid arthritis (RA), inflammatory bowel disease, systemic lupus & Ira A. Jacobs ira.jacobs@pfizer.com erythematosus, and psoriasis [2] . In contrast to smallmolecule drugs, biopharmaceuticals are typically large and highly complex and, by their nature, require highly specialized techniques and long production times to manufacture. Biosimilars are versions of the original biopharmaceutical molecule, with demonstrated similarity in structure, function, efficacy, and safety to the reference product. Development of biosimilars may increase treatment access and therapeutic options for patients and physicians, yielding savings and efficiencies for national healthcare systems and local providers.
The regulatory pathway for approval of biosimilar candidates [3, 4] is distinct from the pathway for generic versions of small-molecule drugs due to the fundamental intricacies of biopharmaceuticals as well as core differences in manufacturing processes. The US Food and Drug Administration (FDA) [5] , European Medicines Agency (EMA) [6] , and World Health Organization (WHO) [7] have issued guidelines for establishing biosimilarity. Other countries have also developed their own recommendations for biosimilar development, similar to those from the FDA, EMA, and WHO [3] . Although the nature and extent of supporting data differ somewhat among regulatory agencies, approval is based on the totality of the evidence. Several national academic organizations, such as societies, colleges, and associations, have also provided position statements on the approval processes for and clinical use of biosimilars [8] [9] [10] [11] [12] [13] [14] . These recommendations encourage stringent standards for biosimilar approval and post-marketing pharmacovigilance, and for extrapolation of efficacy and safety data for other indications for which the biosimilar has not been investigated in clinical trials.
Biopharmaceuticals, including biosimilars, have the potential to elicit an immunogenic response in treated individuals (immunogenicity), which may have an impact on the efficacy and safety profiles of the drug. Thus, it is critical that immunogenicity is evaluated throughout the various phases of clinical development and during postmarketing surveillance. Prevailing concepts and methods to detect immunogenicity have evolved over the past two decades. Herein, we review factors associated with immunogenicity, possible clinical ramifications, and current regulatory guidance for evaluating immunogenicity. We also discuss methods to assess the immunogenicity of biopharmaceuticals, including biosimilars, in non-clinical and clinical studies. In addition, we review the procedures for monitoring immunogenicity after regulatory approval in the context of dynamic standards and practices for evaluating immune responses. Immunogenicity is characterized by the presence of antidrug antibodies (ADAs) detected in the circulation of either animals or humans after administration of a biopharmaceutical. ADAs that bind to the active site of a biopharmaceutical and may inhibit its activity are termed neutralizing antibodies. Non-neutralizing antibodies do not bind to the active site but may still produce important clinical consequences, such as reduced therapeutic efficacy by compromising bioavailability [15] . The generation of ADAs (neutralizing or non-neutralizing) is increasingly recognized as a mechanism explaining the reduced efficacy or therapeutic failure of some biopharmaceuticals [16] . This can occur by altered drug pharmacokinetics or, in other instances, the presence of neutralizing antibodies bound to active sites, thereby reducing drug activity [17, 18] . ADAs have been associated with safety risks that range from mild to life-threatening events. The presence of ADAs following administration of therapy does not necessarily translate into clinically meaningful consequences for efficacy or safety. In fact, adverse events associated with immunogenicity, such as hypersensitivity, are relatively uncommon [19] [20] [21] . In addition, neutralizing antibodies could cross-react with endogenous proteins, thus leading to deficiency syndromes [22, 23] . Therefore, unwanted immunogenicity can constitute a serious impediment to developing biopharmaceuticals.
Key Elements Influencing Immunogenicity
A multitude of factors can influence immunogenicity, which may be classified into three major categories: treatment-, patient-, and drug property-associated factors (Table 1) . For example, treatment-associated factors include the route of administration (subcutaneous vs. intramuscular vs. intravenous) [24] , duration of therapy (short-term vs. long-term), and frequency of administration (intermittent vs. continuous) [25] , all of which may affect the likelihood of an immune response. Patient-associated factors include immune system function, which, when compromised, may lower the probability of mounting antibodies [26] , disease state, and polymorphisms in major histocompatibility complex (MHC), which can affect the magnitude of T cell-dependent immune responses [27] . Drug property-associated factors include the degree to which a biopharmaceutical is humanized, glycosylation patterns, and removal or concealment of MHC epitopes by design, as well as issues that arise during the manufacturing process, such as the presence of impurities, aggregates, and contaminants [26, 28] .
Immunogenicity Assessments

Overall Approach
Immunogenicity of biopharmaceuticals in clinical studies is evaluated using a stepwise approach (Fig. 1) . First, a screening assay is employed to detect the presence of ADAs in treated patients. This is followed by confirmatory assays to determine the specificity of ADAs for the biopharmaceutical and eliminate false positives. For ADApositive samples, characterization assays are conducted to determine the titer and type of ADAs, and bioassays or ligand-binding assays are used to identify neutralizing antibodies [29] . To evaluate the potential clinical impact of ADAs, immunogenicity assessments are conducted in conjunction with pharmacokinetic, safety, and efficacy assessments, with the totality of data considered.
ADA Screening Assays
A variety of techniques have been used to screen for ADAs in biopharmaceuticals, and methodologies have advanced considerably in the past two decades (Fig. 2) . Commonly used assays include enzyme-linked immunosorbent assays (ELISAs), which may be conducted using a direct, indirect, or capture format; electrochemiluminescence (ECL) assays and antigen-binding tests, such as radioimmunoassays. Some of these assays can be modified to render them ''drug tolerant'' [25, 30, 31] . Because each format has relative strengths and weaknesses (reviewed in detail elsewhere [30] [31] [32] [33] ), there is no single assay appropriate for assessing the immunogenicity of all biopharmaceuticals. Selecting the optimal assay for ADA screening is a key consideration in biopharmaceutical development and must take into account the properties of the therapeutic to be tested.
Assay Types
Because of their convenience, ease, and high-throughput capability, ELISAs are frequently utilized for immunogenicity screening (Fig. 2) [32] . In a direct ELISA, ADAs from patient samples are captured by the biopharmaceutical, which has been immobilized on a plastic plate; the plate is washed several times and ADAs are then detected spectrophotometrically with a colorimetric labeled antiimmunoglobulin reagent. Due to the potential for crossreactivity, direct ELISAs are not appropriate for therapeutic monoclonal antibodies [33, 34] . A limitation of the direct ELISA is that fixation of the biopharmaceutical to a plastic surface may alter its conformation and conceal epitopes, resulting in underestimation of ADAs. The indirect ELISA format circumvents this complication by first immobilizing antibodies on the plate to orient the biopharmaceutical. Disadvantages of the direct and indirect ELISA formats include false positives and high Fig. 1 Stepwise approach to assessing immunogenicity of biopharmaceuticals. ADA anti-drug antibody background noise due to non-specific binding as well as potential loss of low-affinity ADAs during washes. In a capture ELISA, ADAs are captured by immobilized biopharmaceutical and then detected using a conjugated version of the biopharmaceutical. This version is more selective and specific than the direct or indirect formats, but the possibility of losing low-affinity ADAs remains [33] .
The ECL assay applies the same principles as an ELISA but makes use of a ruthenium-conjugated protein rather than an antibody for detection, and is therefore more suitable for testing monoclonal antibody biopharmaceuticals [33] . The dynamic range of the rutheniumconjugated protein complexes also increases the sensitivity of the assay compared with ELISA. An example of an antigen-binding test is radioimmunoassay, in which ADAs from patient sera are captured by a sepharose-bound reagent, such as protein A, and detected with 125 I-adalimumab (Fig. 2 ). This technique is more sensitive than ELISA but the use of radioactivity may deter its application by researchers. Surface plasmon resonance assays employ a sensor with immobilized biopharmaceutical, such that bound ADAs from patient samples produce a signal due to a change in mass. This method has the advantages of continuous measurements of ADAs and the ability to detect low-affinity ADAs and discern antibody isotypes, but may be less sensitive than the other assays described and cannot be used to perform high-throughput analyses [35] .
Detection of ADAs in the assays may be confounded by drug interference. ADAs may be present but bound to excess biopharmaceutical and the ADA in this ADA-biopharmaceutical complex usually cannot be detected by ADA assays, resulting in false-negative results [36] . This may be a particular problem for biopharmaceuticals with a long half-life [32] . To overcome this potential limitation, novel drug-tolerant assays have been developed to detect both free and bound ADAs, as shown in the example of anti-adalimumab antibodies (Fig. 2) . These include aciddissociation radioimmunoassays (ARIAs), such as pH-shift anti-idiotype antigen-binding tests (PIA) [37] [38] [39] , affinity capture elution assays [40, 41] , homogenous mobility-shift assays [42] , and temperature-shift radioimmunoassays (TRIAs) [43] . These assays use different techniques to dissociate ADA-biopharmaceutical complexes prior to ADA detection. For instance, in the PIA, bound ADAs are released by acid treatment and the samples are then neutralized before ADA screening [37] . As would be expected due to increased sensitivity, these newer assays have yielded higher rates of immunogenicity when directly ADA anti-drug antibody, ADL adalimumab, ARIA acid-dissociation radioimmunoassay, ECL electrochemiluminescence, ELISA enzymelinked immunosorbent assay, PIA pH-shift anti-idiotype antigenbinding test, TRIA temperature-shift radioimmunoassay compared with more traditional assays such as ELISA or radioimmunoassay [37, 43, 44] .
Regardless of the technique utilized to screen for ADAs, proper validation of the methods is essential to ensure reproducible, consistent, and definitive results. This step should occur early during the course of clinical development of a biopharmaceutical and may require ongoing monitoring and modification during the pre-approval processes. As described in detail in previously published recommendations for immunoassays [31, 45] , validation parameters should include cut-points, sensitivity, drug tolerance, specificity, precision, dilution, and reproducibility [45] . Due to a lack of agreement on the use of reference standards, the experimental systems for assessment of immunogenicity cannot be calibrated, and the assays are merely quasi-quantitative [31, 33] . Therefore, assays must include positive controls (e.g., samples of purified ADAs from a patient with characterized immunoglobulin levels) and negative controls (e.g., serum samples from untreated healthy individuals).
Analysis of ADA Samples
Cut-points are used to define thresholds and classify samples as ADA positive or negative. It is necessary to pre-define cut-points before immunogenicity evaluations are conducted in patient samples, and they are established based on the signals observed with negative controls. The sensitivity of the assay (the ADA concentration that produces a signal equal to the cut-point) will be determined by the positive control that is utilized; sensitivity is increased when higheraffinity positive controls are used [45] . Sensitivities of 250-500 ng/mL have been recommended for clinical studies [31] . Due to the potential issue of drug interference, described in Sect. 3.2.1, it is also critical to establish the limit of drug tolerance (the concentration of the biopharmaceutical that blocks detection of positive-control ADAs). As with the sensitivity parameter, the choice of positive control will impact the drug-tolerance threshold, with higher-affinity positive controls yielding lower tolerance [45] .
Following the initial screening for ADAs, a confirmatory assay is performed and will employ the same techniques used for screening with the added step of drug competition/immunodepletion [46] . Samples are first incubated with an excess of the biotherapeutic test protein to saturate ADA-binding sites. If the antibodies detected during screening are indeed specific to the biopharmaceutical, this pre-incubation step will eliminate or diminish a positive signal in the subsequent confirmatory assay [29, 31] . A confirmatory cut-point (threshold for signal inhibition) is needed to eliminate false positives and is determined experimentally, preferably concurrently with estimation of the screening cut-point [45] . Characterization of the ADAs, titer, and immunoglobulin subtype may be performed in conjunction with the confirmatory assay [31] .
Neutralizing Antibody Assays
Samples that have been verified as ADA positive should be tested for neutralizing antibodies using cell-based bioassays or competitive ligand-binding assays. The data output for cell-based assays is inhibition of biopharmaceutical activity, whereas the read-out for competitive ligand-binding assays is inhibition of target binding. Cell-based bioassays, which monitor the function of the biopharmaceutical in the presence of neutralizing antibodies, are recommended by the FDA [5] ; these more accurately reflect the circumstances in treated patients and may yield insight into the potential clinical ramifications of immune responses to biopharmaceuticals. However, cell-based approaches may be laborious and difficult to develop and validate [33] .
The mechanism of action of the biopharmaceutical will dictate the most appropriate assay to evaluate inhibition of biologic activity [47] . As with ADA screening assays, positive and negative controls should be included, and validation parameters should include specificity, drug tolerance, and cut-points [47] .
Immunogenicity Assessments: A Practical Approach
In the clinical trial setting, patients should be screened for immunogenicity at baseline: those previously treated with a biopharmaceutical may have pre-existing ADAs, in which case stratified randomization based on treatment history may be considered. Moreover, multiple sampling timepoints to evaluate the kinetics of ADA development are critical in immunogenicity studies to differentiate pre-existing versus drug-induced immune responses and transient versus persistent immune responses. The development of an immunogenicity risk assessment plan that will fulfill all requirements for the approval of biopharmaceuticals is a challenging process. Nevertheless, a risk-based approach, based on the characteristics of the biopharmaceutical and planned patient population, as well as known safety issues with products of the same class, has been proposed to design immunogenicity analyses in clinical studies [20, 24, 46] .
Variability in Immunogenicity Assays: A Case Study in Adalimumab
Beyond the numerous biopharmaceutical and patient features that may influence immunogenicity, heterogeneity in the design and conduct of assays can manifest as substantial differences in immunogenicity rates, even when a single biopharmaceutical is tested in a particular patient population. Higher ADA detection rates with modern assays compared with data from past studies are due to the increased robustness and sensitivity of newer techniques, and should not be interpreted as heightened immunogenicity of biopharmaceuticals over time.
The above phenomenon is exemplified by immunogenicity studies of adalimumab, an antibody to tumor necrosis factor (TNF)-a, which has been approved to treat various inflammatory conditions [48] . In analyses conducted from 2003 to 2015 in patients with RA, ADA rates ranging from 1 to 66 % have been observed (Table 2 ). In studies using traditional assays, ADA rates \10 % were seen in this patient population by ELISA only [49] [50] [51] . It should be noted that ADA rates \1 % were observed in patients receiving concomitant methotrexate, which has been shown to reduce ADA formation [49, 50] . Conversely, higher rates of immunogenicity (13-29 %) were observed using antigen-binding tests, such as radioimmunoassays, in patients receiving methotrexate [43, [51] [52] [53] [54] . In a direct comparison of these two methods in a cohort of 216 patients with RA treated with adalimumab, fewer ADA-positive samples were identified by bridging ELISA than by radioimmunoassay (7 vs. 13 %, respectively), and it was determined that the ELISA is more vulnerable to drug interference [51] . Predictably, drugtolerant assays designed to detect both free and bound antibodies showed higher ADA rates (approximately twoto threefold higher) when directly compared with standard antigen-binding tests (Table 2) [43, 44] .
The broad range of immunogenicity rates observed in adalimumab-treated patients with RA, according to different assay types, as well as in different studies that used the same methodology, demonstrates the shortcomings of inter-trial comparisons of biopharmaceutical immunogenicity.
Evolving Standards and Practices for Assessing
Immunogenicity of Biopharmaceuticals
Regulatory Guidelines
Evaluating the immunogenicity of biopharmaceuticals is mandatory for regulatory approval [16, 55, 56] . Specific guidance for evaluating immunogenicity of therapeutic Cohort study of adalimumab [54] , n = 121 28 weeks of treatment 17 Radioimmunoassay Double-blind study of three doses of adalimumab in Japanese patients [72] , n = 265 24 weeks of treatment plus 30-day follow-up
ELISA
Prospective observational cohort study [52] , n = 249 28 weeks of treatment 16 Radioimmunoassay
Prospective cohort study of adalimumab [53] , n = 272 3 years of treatment 28 Radioimmunoassay Prospective observational cohort study [51] , n = 216 28 weeks of treatment 7 ELISA
Radioimmunoassay
Prospective observational cohort study [44] , n = 99 3 years of treatment 29 Radioimmunoassay
PIA antigen-binding test
Cohort study [43] , n = 94 52 weeks of treatment 14. protein products has been provided by the FDA and EMA [55, 57] ; the EMA has also produced specific guidelines for assessing immune responses to therapeutic monoclonal antibodies [58] . Recommendations include development of assays to adequately detect and confirm the presence of ADAs and techniques to discern neutralizing and non-neutralizing antibodies, systematic collection of data from patients in clinical studies, and standardization of methods across studies for a given biopharmaceutical. Both the FDA and the EMA advise that data from immunogenicity assessments in animals are not necessarily indicative of immune responses in humans but can supplement the information obtained from preclinical toxicology studies. Furthermore, both agencies are inclined to accept the use of the one-assay approach to evaluate immunogenicity (see Sect. 7) [55, 57] .
Post-Approval Surveillance of Immunogenicity
Because of strict eligibility criteria and short-term followup, results from immunogenicity analyses in clinical trials of biopharmaceuticals may not reflect real-world clinical experience. Indeed, it is necessary to continue the assessment of safety (including immunogenicity) following the approval of all biopharmaceuticals [57, 59] . Long-term follow-up of patients with RA treated with adalimumab [53] or infliximab [60] (another anti-TNF-a antibody) found that the presence of ADAs negatively impacts clinical response and leads to earlier treatment discontinuation. Moreover, clinical trials are unlikely to detect immune responses that result in severe or life-threatening, yet uncommon, safety issues. For example, a remarkable increase in the frequency of pure red-cell aplasia in patients administered recombinant erythropoietin due to generation of cross-reactive anti-erythropoietin antibodies was identified post approval; this coincided with a change in manufacturing process and formulation [61, 62] . Thus, ongoing monitoring of immunogenicity post approval is extremely valuable, and observational clinical and laboratory test databases from patients treated with biopharmaceuticals in routine clinical practice may provide further insight into the immunogenicity of these drugs. Guidelines from the FDA, EMA, and WHO recommend immunogenicity be considered in pharmacovigilance and risk management plans for all biopharmaceuticals, including biosimilars; however, only the EMA guidelines stipulate how immunogenicity should be addressed in post-approval surveillance strategies [5] [6] [7] [55] [56] [57] .
A risk-based approach for evaluating the immunogenicity of biopharmaceuticals that has been suggested for clinical trials during drug development has also been proposed for post-approval safety monitoring plans [24, 46] . In preparation for pharmacovigilance strategies, however, it should be noted that suboptimal detection of ADAs in clinical studies may lead to underestimation of risk [5, 57] . According to the properties of the biopharmaceutical and the immunogenicity rates reported in pre-approval clinical trials, the risk management plan for unwanted immunogenicity may include additional clinical studies, retrospective analyses of real-world use, pharmacovigilance, and provisions in the prescribing information [63] . For biopharmaceuticals that produce persistent immune responses, there is the potential for ADA cross-reactivity in patients who switch to a biosimilar or new biopharmaceutical, and this should be recognized in the risk management plan.
Monitoring ADA levels in patients treated with biopharmaceuticals with a high risk of immunogenicity may be a useful component of post-approval registries to evaluate long-term immunogenic capacity. Moreover, it has been proposed that tracking levels of anti-TNF-a biopharmaceuticals and ADAs in patients with chronic inflammatory diseases may be useful for clinical decisionmaking, i.e., altering doses or switching to a different anti-TNF-a therapy [21] . Notwithstanding, a recent study suggests that adalimumab and etanercept serum ADA levels are not predictive of successful dose reduction or discontinuation in RA [64] .
Additional Considerations for Biosimilar Immunogenicity Assessments
For approval of biosimilars, comparative immunogenicity testing with reference products in clinical studies is required by the FDA, EMA, and WHO [5] [6] [7] . Because even small differences in product quality (impurities and contaminants) may alter immunogenicity, demonstration of similar immunogenicity to the reference product is an important component of the biosimilar safety evaluation. Whereas the EMA and WHO do not require immunogenicity testing of biosimilars in preclinical animal studies, FDA guidance suggests that these analyses may provide useful data but are not obligatory. Nevertheless, investigations of biosimilar immunogenicity in animals are useful to determine titers of cross-reactive and neutralizing antibodies, and the data could contribute to the totality of the evidence evaluated by regulatory authorities for biosimilar approval [3] . Although historical immunogenicity data for the reference product should not be used for comparison with the biosimilar (due to more sensitive and specific assays being used today), this information may provide a guide to clinical developers to aid better assessment of biosimilar immunogenicity. Head-to-head comparisons of biosimilars and reference products are recommended [5, 6] .
Comparative immunogenicity assessments may be accomplished using one-assay or two-assay methodology (Fig. 3) [63, 65] . In the one-assay approach, the biosimilar reagent is used to detect ADAs for both the biosimilar and the reference product. With this method, detection of biosimilar ADAs is optimized and comparison of biosimilar and reference product ADAs is facilitated but information on the immunogenicity of the reference product may be lost. In the two-assay approach, each assay will detect the amount of ADA either for the biosimilar or for the reference product. This method can yield a comprehensive analysis of biosimilar and reference product ADAs but requires extra time and resources. Each approach has merits and flaws (Fig. 3) , and selection of the strategy to compare immunogenicity is an important consideration for comparative clinical trials of biosimilars. Because the intended purpose of biosimilar immunogenicity assessments is verification of comparable ADA rates with the reference product, rather than generation of new information about the reference product, a validated one-assay approach is generally recommended in order to minimize bias [58, 63, 66] .
A predicament of biosimilar development is the inability to categorically designate a clinically meaningful difference in ADA rate that constitutes dissimilar immunogenicity of a biosimilar versus the reference product.
Comparative evaluation of ADA rates alone may not fully elucidate differences in the immunogenicity profiles of biosimilars and reference biopharmaceuticals, due to biases in bioanalytical methods and inadequate comprehension of the effects of ADAs on short-term and long-term efficacy and safety [63] . As such, it is not practical to pre-define a difference in immunogenicity rates between biosimilars and reference products that is allowable to support biosimilarity [63] . Instead, ADA rates of biosimilars should be considered in the context of drug trough concentrations and efficacy and safety outcomes, which is consistent with guidelines from regulatory agencies to weigh the sum of evidence for biosimilar approval [5] [6] [7] . While it is clear that higher immunogenicity rates of a biosimilar versus the reference product would cast uncertainty about overall biosimilarity, the implications of lower immunogenicity are not well-defined. Reduced immunogenicity of a biosimilar would not prohibit its approval, but it also should not be translate as having enhanced efficacy or safety; additional subgroup analyses in patients with and without immune responses may be recommended by regulatory authorities to help inform the interpretation of efficacy results in clinical trials [6] .
The EMA advises that a description of the potential safety concerns that may arise due to differences in the manufacturing process from the reference biopharmaceutical should be included in a biosimilar risk management plan [6] . Further, because immunogenicity may be affected by drug property-associated factors, such as differences in glycosylation patterns or aggregate formation, post-approval changes to the formulation or manufacturing process of the biosimilar may require additional analyses of immunogenicity, including re-validation of the assays [26, 28] . Similarly, extrapolation of indications for a biosimilar or plans for use in pediatric patients may require further assessments of immunogenicity, depending on patientspecific factors in the new population to be treated [26] . It is important here to distinguish biosimilars from noncomparable biopharmaceuticals (also known as 'intended copies' or biomimics), which may not have undergone a thorough evaluation of physicochemical and functional properties, efficacy and safety, including immunogenicity, against a reference product. Pre-existing legislation in some countries in Latin America and Asia have allowed copies of biopharmaceuticals to be approved without meeting the current high regulatory standards for biosimilarity established outside of Latin America and Asia (e.g., by the FDA, EMA, and WHO). Since these products may not have demonstrated comparable efficacy and safety to reference products, they are designated as intended copies instead of biosimilars [67] . An intended copy of rituximab was withdrawn by regulatory authorities in Mexico due to a lack of evidence on its biosimilarity and reports of anaphylactic reactions in patients who switched between the reference product and the intended copy. This was observed despite the fact that there was evidence that the incidence of peri-infusion reactions to the originator's rituximab in the Mexican population was low [68] .These findings underscore the importance of rigorous evaluation of safety, including immunogenicity assessments, prior to routine use of biosimilars. Biosimilarity designation is based on thorough, high-quality comparability of product attributes, including the variables that could influence immunogenicity.
One-assay Approach
Lessons Learned and Recommendations
Assessment of immunogenicity is an essential element of the development program for all biopharmaceuticals, including biosimilars. However, technological progress over the past two decades and inconsistent methodology among research groups limit comparison of the immunogenicity of biopharmaceuticals outside of head-tohead clinical trials. To address the heterogeneity of approaches, strong guidance from regulatory authorities on assessment of immunogenicity would be welcome. In the interim, both the American Association of Pharmaceutical Scientists and the Anti-Biopharmaceutical Immunization: Prediction and Analysis of Clinical Relevance to Minimize the Risk consortium have advocated strategies to align the investigation and understanding of immunogenicity of biopharmaceuticals [69, 70] . These two organizations recommend standardization of terminology and data reporting as well as linking the presence of ADAs with efficacy, safety, and pharmacokinetic endpoints to explore the clinical consequences of immune responses to biopharmaceuticals. These proposals may signify an initial step toward unifying the evaluation of immunogenicity.
Our understanding of immunogenicity and the methods to assess unwanted immune responses have advanced substantially since the introduction of biopharmaceuticals. The precision and sensitivity of immunogenicity assays have increased over time and will likely continue to improve. Accordingly, higher rates of immunogenicity are observed using modern assays. Physicians should be aware of these enhanced technologies and not presume that new biopharmaceuticals, including biosimilars, are more immunogenic. In fact, with the emergence of biosimilars and the requirement for comparisons to reference products in clinical trials, state-of-the-art technologies may yield new information on the immunogenicity of already approved biopharmaceuticals. We anticipate that immunogenicity analyses will continue to evolve as novel techniques emerge, such as evaluation of genetic and epigenetic biomarkers, and in silico prediction of immunogenicity, which may augment the predictive value of risk assessment in patients. Consequently, research programs, regulatory agencies, and clinicians will need to keep pace with progressively complex analyses of immunogenicity.
